IRAQI JOURNAL OF APPLIED PHYSICS

Vol. 20, No. 3, July-September 2024, pp. 511-516

Investigation of Photocatalytic
Activity of Anatase Titanium Dioxide

Ali N. Munif
Firas J. Kadhim

Prepared by DC Reactive Magnetron

Sputtering for Air Pollutants

Degradation

Department of Physics,
College of Science,
University of Baghdad,
Baghdad, IRAQ

In the present work, Titanium dioxide nanostructure were prepared by dc closed-field
unbalanced reactive magnetron sputtering system using different values of Ar:O, gas mixing
ratios. The magnetron sputtering system's operation parameters were optimized to

prepare TiO, nanostructures as thin films with optical and structural homogeneity. The X-
ray diffraction patterns and UV-visible spectroscopy show that the prepared films contain an
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anatase structure and an optical energy band gap of 3.2 eV. The production of Ti—O bonds
has been confirmed by Fourier-transform infrared spectroscopy. The TiO, particles in the
deposited films had an average size of 47.44 nm. TiO, as active photocatalyst material is
employed in the field of air purification through using methane gas as an organic pollutant.
The material's photocatalytic activity was evaluated by test the deterioration of polluted gas

019 in the presence of a xenon lamp using an appropriate gas sensor (MQ2 gas sensor).
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1. Introduction

One of the world’s problems is air pollution. It
harms the environment and human health. Reducing
these pollutants requires practical treatment methods
and efficient technologies [1]. Photocatalytic
oxidation is considered an ideal air purification
technology because it can use sunlight (or artificial
light) under ambient conditions to breakdown various
air pollutants into non-toxic or less harmful forms [2].
A photocatalytic pollution treatment method was
discovered using nano-TiO; materials [3,4]. After
Honda and Fujishima discovered light-induced water
decomposition on TiO, electrodes [5], the
photocatalytic process began to be widely studied,
especially for air and water polluted treatment. These
studies focus on the photocatalytic activity of TiO;
nanoparticles under ultraviolet (UV) light
(A<387nm), which accounts for only a small fraction
(3-5%) of solar radiation [6]. Titanium dioxide (TiO2)
nanoparticles have got significant interest because of
their distinct characteristics. Given its exceptional
characteristics like non-toxicity, high photocatalytic
activity, chemical stability, and suitability for use as
a coating, photocatalytic properties offer a promising
solution to address the existing issues with indoor air
quality and building air purification systems [7-11].
A TiO; thin film deposited on a substrate is
environmentally friendly and known as the most
promising photocatalyst among all semiconductor
photocatalysts [12,13]. The photocatalytic activity is
related to the average nanocrystalline size, specific
surface area of pure TiO,, phases involved and
crystallinity [14-19]. TiO, appears in three different
polymorphs: anatase, rutile, and brookite. Anatase
TiO; is the most active form of TiO; than rutile, and
rutile is the most stable primary form [20-23]. TiO;
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can be prepared using a variety of deposition
techniques including pulsed laser deposition (PLD),
sputtering, sol-gel process, spray pyrolysis, chemical
vapor deposition (CVD), electrophoretic deposition,
etc. [24-27]. These nanoparticles were prepared using
the magnetron sputtering technique to ensure high
homogeneity, purity, and control over the structural
phase of the deposited film by controlling the gas
mixing ratio [28-31].

2. Experimental Part

In this work, nanostructured titanium dioxide
films were deposited on glass substrates using dc
reactive magnetron sputtering. The optimum
operation and preparation conditions were selected to
be discharge voltage of 3 kV, discharge current of 50
mA, the inter-electrode distance of 4 cm, Ar:O; gas
mixing ratio of 50:50, and deposition time of 3 hours.
More details on the sputtering system and optimum
operation conditions can be found elsewhere [32-35].
The structural characteristics of the prepared samples
were carried out on the nanopowders extracted from
the thin film samples in order to avoid the
contribution of the glass substrate on which the thin
film was deposited. These nanopowders were
extracted by the conjunctional freezing-assisted
ultrasonic extraction method [36,37].

The system used to evaluate the effectiveness of
gas purification consists of a cylindrical chamber with
a diameter of 6 cm and a length of 30 cm. There is a
gas injection port in this chamber. The xenon lamp
inside the chamber is arranged along its length with
its axis parallel to the cylinder’s axis as shown in Fig.
(2). The xenon lamp is operated with 6 W power and
generates light spectrum centered at 300 nm. The
chamber includes a MQ2 sensor. The interior wall of
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the cylinder is covered with glass slides on which the
TiO, films were deposited. These slides cover an area
of about 200 cm? in total. The deposited slides were
placed three centimeters away from the xenon lamp.
The gas concentration in parts per million (ppm) is
displayed on a display screen via an Arduino card that
has been pre-programmed and attached to the sensor.
The displayed concentration is calibrated based on the
type of gas being analyzed. This entire system is
connected to a personal computer for real-time data
recording during the examination, as depicted in Fig.
(1). The gas concentration was continually measured
and recorded within the closed chamber at one-
second intervals during this test. The gas testing
process included pumping the test gas into the
chamber at a constant rate. In the first test,
measurements were taken without injecting the gas.
In the second test, gas pumping occurred without the
use of the xenon lamp. In the third test, we introduced
the xenon lamp while the pollutant gas was present to
evaluate the photocatalytic effect on the tested gases
inside the chamber. All recorded data was saved on
the computer for subsequent analysis.

Thin films on slides Xenon lamp
Arduino card A ?

ran Electrical valve

Gas
CHa

Computer

Fig. (1) Schematic diagram of the experimental system used for
testing photocatalytic activity in air pollutants degradation

3. Results and Discussion

The structural characteristics bonds of TiO; films
were determined through FTIR measurement using
Shimadzu 8400S FTIR equipment. The Ti-O
stretching vibration band appeared at approximately
447 and 667 cm?, and the Ti-O-Ti bonds in the TiO2
lattice are responsible for the peak at 408.91 cm™ [20,
21]. There are no peaks belonging to pollutions or
contaminants, therefore, the samples can be
categorized as highly pure. The absorption bands at
approximately 3450 and 1620 cm™ are caused by the
stretching and bending vibrations, respectively, of the
OH group in atmospheric water molecules [38-40].

The crystal structure of titanium dioxide samples
was examined using a Shimadzu x-ray diffractometer
using a Cu-K source (1.54A). Figure (3) illustrates the
XRD pattern of a TiO; thin film sample that was
synthesized with a 50:50 gas mixing ratio and
deposited time of three hours employing a heat sink
under the substrate. This sample was selected as the
optimum one among all others. According to JCPDS
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card no. 21-1272 (anatase TiO,), nine different peaks
may be seen in this figure, all of which are allocated
to the anatase crystalline phase of TiO.. In order to
produce such nanostructures with highly-pure
structural phases, dc reactive magnetron sputtering is
advantageous, as demonstrated by the results, which
exhibited no peaks belonging to the rutile phase in the
synthesized sample.
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Fig. (2) FTIR spectrum of TiO, sample prepared at inter-
electrode distance of 4 cm and using Ar:O, gas mixture of 50:50
after deposition time of 3 hours
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Fig. (3) XRD pattern for single-phase (anatase) TiO, sample
prepared using gas mixing ratio of 50:50 after deposition time
of 3 hours with heat sink under the substrate

The UV-visible spectroscopy was used to record
and investigate the absorption spectra of TiO; film
samples in the spectral region 300-800 nm using
different gas mixing ratios as shown in Fig. (4). They
exhibit considerable absorption to wavelengths
shorter than 300 nm, peaking at approximately 312
nm. At 400 nm, the absorbance reaches its minimum
and then rapidly decreases before gradually
increasing at longer wavelengths. In the visible
wavelength range of 400-700 nm, these films can be
regarded as transparent. Consequently, the energy
band gap of these samples can be determined using
the following formula:

_ A(hvhvEg) (1)
where n is dependent on the type of transitions, A is a
constant, and Eg is the optical energy band gap

The particle size of the prepared samples was
ascertained using the FE-SEM. Figure (6) shows the
image of the optimum TiO, sample, in which the
nanoparticles are seen in irregular shapes and sizes
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and with average particle size of 47.44 nm. These
particles aggregate and indicate good connectivity as
they are held together by weak forces arising from the
van der Waals force which leads to an electrostatic
effects through the residual charge of the structure
[41,42].
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Fig. (4) Absorption spectra of TiO, thin films prepared using
different Ar:0, gas mixing ratios

Figure (5) shows the determination of energy
band gap for titanium dioxide thin films prepared
using gas mixing ratios of (80:20), (70:30), (60:40)
and (50:50) to be 3.24, 3.17, 3.16 and 3.2 eV,
respectively. The optimum gas mixing ratio was
(50:50) and thus energy band gap was determined to
be 3.2 eV for single phase of anatase TiOa.
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Fig. (5) Determination of energy band gap (Eg) for TiO; thin
films prepared using different Ar:O, gas mixing ratios

PRINTED IN IRAQ 513



IRAQI JOURNAL OF APPLIED PHYSICS

The energy-dispersive x-ray (EDX) spectrum of
the optimum sample was recorded and analyzed as
shown in Fig. (7). This spectrum revealed the
presence of titanium and oxygen in the thin layers and
thus the formation of TiO; thin films was confirmed.
With Ti and O present in the final sample, the weight
ratios of Ti and O were 72.1% and 24.7%,
respectively. The presence of 3.2% carbon is resulted
from fixing the sample inside the EDX instrument.

Fig. (6) FE-SEM images of the nanostructured anatase TiO,
sample prepared using Ar:O, gas mixing ratio of 50:50, inter-
electrode distance of 4 cm, and deposition time of 3 hours

The prepared nanostructured titanium dioxide thin
films prepared were evaluated for their effectiveness
in degradation of methane gas, which is a flammable,
non-toxic, colorless, tasteless, and odorless gas. We
measured the change in gas concentration over time
in a sealed chamber containing static air, both before
and after methane gas was added. The interaction
between the gas and thin film deposited on glass
substrate was monitored with and without the use of
a xenon lamp. Initially, a steady gas concentration of
20 ppm was recorded in the static air representing the
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normal level of organic gases before adding methane.
Upon pumping methane gas into the chamber and the
xenon lamp was off, the gas concentration stayed
mostly stable at approximately 898 ppm. On the other
hand, the gas concentration progressively decreased
upon switching the xenon lamp on and reached an
almost constant value of 130 ppm over time period of
34 minutes as shown in Fig. (8).
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Fig. (7) EDX results for the nanostructured anatase TiO,
sample prepared using Ar:0O, gas mixing ratio of 50:50, inter-
electrode distance of 4 cm, and deposition time of 3 hours
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Fig. (8) Air purification test against methane gas based on
photocatalytic effect of TiO, thin films prepared by dc reactive
magnetron sputtering

4. Conclusion

In this study, nanostructured TiO; thin films —
known as the optimum photocatalyst — were prepared
by dc reactive magnetron sputtering technique and the
energy band gap of these samples was determined to
be 3.2eV, which belongs to the anatase phase of TiOs..
The prepared thin films are described by their optical
and structural homogeneity. The prepared samples
were tested in the field of air purification when
irradiated by a xenon lamp. The results showed the
high effectiveness of the prepared samples in air
purification within a period of 34 min.
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